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INVESTIGATION OF COUPLING REACTION MECHANISMS OF SOME 
TTF DERIVATIVES BY DFT METHOD 
SUMMARY 
This work deals with the investigation of the mechanism of the coupling reactions 
starting from ketone and thione type reactants and leading to the compounds which 
are known to be organic superconductors at very low temperatures. BEDT-TTF (ET) 
and their derivatives are well known compounds belonging to this family. 
Tetrathiafulvalene (TTF) and its derivatives have been subject of many studies due to 
the fact that they exhibit superconductivity upon oxidation. In this study, the 
coupling reaction mechanisms leading to the bis(ethlylenedithio) tetrathiafulvalene 
(BEDT-TTF) and its derivatives synthesized recently by a new technique in the 
Chemistry Department at ITU, were studied theoretically by using the Density 
Functional Theory (DFT) method with B3LYP hybrid functional and 6-31+G(d,p) 
basis set. The transition state geometries of different competing mechanisms were 
modeled and the activation energy of these reactions was used to shed light the 
experimental product distribution. In addition the electronic and optical properties of 
the product molecules in vacuum were also studied by the TDDFT method at 
B3LYP/ 6-311+g (d, p) level and compared to one another by calculating Home-
Lumo band gaps and by obtaining the UV spectra, respectively. 
 
Figure 1 :  Schematic representation of self coupling reaction mechanism of a oxo   
compound in the presence of triethyl phosphite catalyst to yield a BEDT-
TTF derivative.   
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TTF TÜREVLERİNİN KENETLENME MEKANİZMALARININ YFT 
YÖNTEMİYLE İNCELENMESİ 
 
ÖZET 
Bu çalışma başlangıç maddesi ketone ve thione tipi girenlerin, düşük sıcaklıklarda 
süperiletken oldukları bilininen bileşikleri oluşturdukları kenetlenme tepkime 
mekanizmalarının incelenmesi ile ilgilidir. BEDT-TTF ve türevleri bu aileye ait 
olarak bilinmektedir. Tetrathiafulvalene (TTF) ve türevleri gösterdikleri süperiletken 
özelliklerinden dolayı birçok çalışmaya konu olmuştur. Bu çalışmada, kenetlenme 
tepkimesiyle elde edilen BEDT-TTF ve türevleri yakın zamanda İTÜ Kimya 
bölümünde sentezlenmiş olup teorik olarak YFT (Yoğunluk Fonksiyeli Teorisi) 
yöntemi, B3LYP hibrit fonksiyonu ve 6-31+G(d,p) bazı kullanılarak aydınlatılmaya 
çalışılmıştır. Birbirleriyle yarışan farklı mekanizmaların geçiş konumlarındaki 
geometrileri modellenerek aktivasyon enerjileri ve deneysel ürün dağılımları 
incelenmiştir. Ayrıca ürünlerin elektronik ve optik özellikleri, bant genişlikleri 
hesaplanarak ve UV soğurma spektrumları elde edilerek birbirleriyle kıyaslanmıştır. 
 
Şekil 1 :    Bir okzo bileşiğinin kendisiyle olan tepkimesinden trietil fosfat   
katalizörlüğünde   BEDT-TTF türevi elde etme mekanizması.   
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1.  INTRODUCTION 
The organic conductors based on tetrathiafulvalene, TTF, and its derivatives 
represent the most extended family of organic metal and superconductors and, 
therefore, have been subject of multiple studies. The field of organic superconductors 
gained considerable attention by the discovery of metallic behavior in the charge 
transfer-complex (CT) composed of tetrathiafulvalene (TTF) 1
 
and 
tetracyanoquinodimethane (TCNQ) 2 in 1973, which has become known as the first 
true organic metal because it was metallic down to 54K [1]. The results were 
significiant because it was realized that charge transfer salts formed by reacting an 
electron donor and an acceptor molecule could form metallic materials with resulting 
high electrical conductivities. This discovery stimulated many experimental studies 
on new donor compounds related to TTF. A decade later, the superconductivity in 
the CT salts of tetramethyltetraselenafulvalene (TMTSF) 3 and bis(ethlylenedithio) 
tetrathiafulvalene (BEDT-TTF or ET) 4 was discovered (Figure 1). Since then the 
design and synthesis of new TTF-based organic materials with more interesting and 
exciting solid-state properties became a challenge for organic chemists, so far a large 
number of metallic and superconducting organic materials have been synthesized. 
 
 
 
Figure 1.1 : Geometries of TTF, TCNQ, TMTSF, BEDT-TTF 
 
 
2 
The electron-donating property of TTF has recently led to the synthesis of various 
analogues with different potential applications such as chromophores for dyes, 
nonlinear optics, synthetic lightharvesting systems, liquid crystals, dendrimers, 
phthalocyanines, polymers, and supramolecular switches. It is clear to see that the 
syntheses of TTF derivatives bearing versatile functional groups are required for 
such a wide range of application possibilities. 
The aim of this theoretical study is to investigate the mechanism of this coupling 
reaction to suggest the present mechanism as the one having a lower band gap than 
BED-TTF or ET and hence, it will notably lead the experimenters to synthesize more 
potentiallly superconductor materials. It will also make clear to investigate the 
possible mechanisms of self coupling reaction of oxo compound in the presence of 
triethyl phosphite catalyst to yield a TTF derivative and the synthesis of TTF 
derivatives bearing versatile functional groups. 
1.1 Superconductivity 
The phenomenon of superconductivity has always been very exciting both for 
fundamental scientific interest and because of its many technical applications. 
Superconductors have many unusual electromagnetic properties, and most 
applications take advantage of such properties. For example, once a current is 
produced in a superconducting ring maintained at a sufficiently low temperature, it 
will persist with no measurable decay. The superconducting ring exhibits no 
electrical resistance to dc currents, no heating, and no losses. In addition to the 
property of zero resistance, certain superconductors can expel applied magnetic 
fields so that the field is always zero everywhere inside.  
The remarkable phenomenon of superconductivity is usually characterized by the 
following three physical properties: 
I. Sample electrical resistance (κ) drops to zero or conversely, 
II. Magnetic fields are expelled by the sample, 
III. The sample specific heat increases discontinuously upon the onset of 
superconductivity at Tc, with decreasing temperature. 
 
There is a class of metal and compounds whose resistance goes virtually to zero 
below certain temperature, Tc, called the critical temperature. These materials are 
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known as superconductors. When the temperature is at or below Tc, the resistivity 
drops suddenly to zero. This phenomenon was discovered in 1911 by H.kamerlingh-
Onnes when he was working with mercury, which is a superconductor below 4.2 K 
[2]. Recent measurements have shown that the resistivies of superconductors below 
Tc are less than 4x10
-25Ω. m, which is around  1017 times smaller than the resistivity 
of copper and considered to be zero in practice. 
Today there are thousands of known superconductors. Such common metals as 
aluminum, tin, lead, zinc, and indium are superconductors. The value of Tc is 
sensitive to chemical composition, pressure, and crystalline structure. 
1.2 Organic Superconductors 
Recently, the syntheses and physical characterization of a large number of materials 
with unusual electrical and magnetic properties has occurred.These substances often 
known synmetals due to the electrical properties of metals even though they most 
often contain no metal atoms in the electrically conducting framework. 
In 1979, Bechgaard and co-workers began to use inorganic monovalent anions in 
place of TCNQ and prepared a series of salts of the type (TMTF)2X, where X is 
monovalent anions. 
In 1981, (TMTF)2CIO4 was found to be the first ambient pressure organic 
superconductor with a Tc=1,4K [3]. 
Inorganic anions were commonly used in CT reactions. It was found that linear, 
inorganic, symmetrical, monovalent anions served best to provide the first 
superconductors at ambient pressure based on ET. A lot of superconductors of ET 
salts have been synthesized, with κ -(ET)2Cu(NCS)2 possessing the third highest Tc 
of 10,4 K [4] κ - (ET)2Cu[N(CN)2]Br having the second highest Tc of 11,6 K [5]. 
Recently, it has been achieved up to 12,8 K as the highest Tc for κ - (ET)2 
Cu[N(CN)2]CI [6]. The research and development of new organic CT 
superconductors continues today in the direction of synthesizing new electron-donor 
molecules as well as new acceptor species and anions. 
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1.3 Electronic and Structural Properties of Organic Superconductors 
1.3.1 Electronic Properties 
The electronic structure of a crystalline solid is described by energy bands. A given 
energy band consists of N discrete levels; N refers to the total number of unit cells in 
the solid.  
In a one-electron band picture, electron-electron repulsion is neglected so that each 
band level can be filled with two electrons. In this picture, a semiconductor (or an 
insulator) contains only completely filled and completely empty bands, so that an 
energy gap exists between the highest occupied and the lowest occupied level and te 
lowest unoccupied level. 
The electronic instability of a metal leading to either a metal-insulator or a metal-
superconductor transition may be describes on the basis of orbital mixing between 
the occupied an unoccupied levels [7-9]. A new electronic state  derived from the 
orbital mixing may become more stable than the metallic state when the energy gain 
resulting from the interactions between the occupied and unoccupied levels is greater 
than the inherent energy raising caused by introducing higher lying, unoccupied 
levels. Since the energy difference between the occupied and unoccupied levels 
around the Fermi level can be very small, the extent of this energy raising can be 
made very small so that orbital mixing among the band levels in the vicinity of the 
Fermi level is crucial for the occurrence of a metal-insulator or a metal-
superconductor transition. From the viewpoint of one-electron band theory, a metal-
insulator transition is most likely to occur when the Fermi surface associated with a 
partially filled band is well-nested [9]. A metal may become superconducting if it is 
free from an electronic instability toward a metal-insulator transition. 
1.3.2 Structural properties 
The Tc values of organic superconductors are correlated with the softness of their 
lattices. Namely, a soft lattice provides a larger electron-phonon coupling constant λ 
and consequently a higher Tc.[10]The lattice softness is strongly influenced by the 
donor-donor and donor-anion contact and C-H…anion interactions are also crucial 
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factors governing the crystal packing patterns, and therefore the electronic properties, 
of organic donor molecules salts.[11] 
1.4 Synthesis of Organic-Donor Molecules 
Tetrachalcogenafulvalenes are synthesized, to a large extend, by coupling the two 
halves of the molecule, thus involving the formation of the central C=C bond as the 
last step. 
1.4.1 Using trivalent Phosphorus Reagents 
The BED-TTF and its derivatives are usually synthesized by coupling the two halves 
of the molecules. The reaction is similar to the one which was originally discovered 
for the syntheses of strained trans-cycloalkenes by using the trivalent phosphorus 
reagents. 
 
Figure 1.4.1 :  Syntheses of strained trans-cycloalkenes by using the trivalent  
   phosphorus reagents 
 
The reaction, which was orginally discovered by Corey and Winter  in connection 
with the syntheses of strained trans-cycloalkanes [12], has emerged as a workhorse 
reaction for the preparation of a variety of tetrachalcogenafulvalenes. 
1.4.2 Photochemical Coupling Method 
1,3-dithiole-2-thiones with different substituents can be smoothly converted to the 
corresponding tetrathiafulvalenes by photochemical irradiation in the presence of 
hexabutylditin [13-14] triethylamine,[15] trialkylphosphites [14-15] at room 
temperature. 
 
X
X
Y
R1
R1
PR3
X
X
X
XR1
R1 R1
R1or
P(OR)3
X = S, Se
Y = O,S,Se
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Figure 1.4.2   Syntheses tetrathiafulvalenes by photochemical irradiation in the   
  presence of hexabutylditin ,triethylamine 
1.4.3 Coupling by Transition Metal Carbonyls 
Coupling of 1,3-diothiole-2-thione and 1,3-diselenole-2-selenone derivatives can also 
be brought by transation metal carbonyls in benzene or toluene. The metal carbonyls 
are either dicobalt octacarbonyl [16-17]. 
 
Figure 1.4.3   Syntheses tetrathiafulvalenes by transation metal carbonyls in benzene      
  or toluene 
 
1.4.4  Electrochemical Coupling 
Synthesis of tetrathiafulvalene derivatives by electrochemical coupling is occered 
oxidation of phenyl substituted 1,3-dithiole derivatives in the presence of a base and 
reduction of 2-thioalkly-1,3-dithiolium ions [18] 
1.5 BEDT-TTF 
BEDT-TTF is one of the most important donors for the organic superconductors. It is 
prepared another modification of TTF molecule by Mizuno etal [19]. The metallic 
behaviour of its radical cation salts with mono anions and charge transfer complexes 
with electron acceptors such as tetracyanoquinodimethane, are the key reasons for 
these conductive properties. It has been established that the physical properties of the 
radical cation salts depend on the electronic and structural features of TTF 
derivatives [20]. Although, there have been a sequence of studies, the exact 
mechanism of superconductivity is unknown [21]. Goddard and co-workers proposed 
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a superconductivity mechanism that ET or its derivatives to be disorted boat 
conformation for the neutral but a planar conformation for the ion which leads to a 
transition from the planar cation to the neutral state. Thus, superconductivity is 
related to the coupling between charge transfer and lowest boat deformation 
vibrational mode [22-24].  
Recently, attention has also been directed to CT salts based on symmetrical and 
unsymmetrical TTF-type donors containing sulfur atoms such as BEDT-TTF and its 
derivatives due to their novel magnetic and optical properties. They contain two 
redox-active 1,3-dithiol-2-ylidenes (DTs) groups which can be easily oxidized to 
generate a cation radical species, each stabilized by the heteroaromatic 6π electron 
system. The mono and dicationic states of BEDT-TTFs are stable and planar. 
Although the neutral molecules prefer boat structure, they become planar upon 
oxidation. The planarity of these molecules is very important since it enables the 
formation of ordered stacks or 2D (or quasi 1D) sheets by the intermolecular S--S 
interactions [25-27]. 
 
 
 
Figure 1.5.1 :  BEDT-TTF Dimer 
 
 
 
 
Figure 1.5.2 : (a) 1,3-dithiole-2-thione and its oxygen analogue  
              (b) 1,3-dithiole-2-thione derivative and its oxygen analogue 
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Figure1.5.3 : ET and its derivatives 
1.6  Mechanisms 
 The BED-TTF and its derivatives are usually synthesized by coupling the two halves 
of the molecules. The reaction is similar to the one which was originally discovered 
for the syntheses of strained trans-cycloalkenes [12] by using the trivalent 
phosphorus reagents. The possible mechanisms given in the Scheme 1 are studied 
extensively in the presence of the triethylphosphite catalyst to shed light on the 
mechanistic details such as transition states and intermediates [25]. 
The coupling reaction mechanisms leading to the TTF derivatives, synthesized with a 
different method by Öztürk [28-29]. In the experiments, couplings of the 1,4-dithiins 
which the thione sulfur atoms were converted to oxygen with mercuric acetate, to 
give new fused TTF derivatives.  The coupling reactions have been accomplished 
under the catalytic activity of triethylphosphite P(OEt)3 , which is a widely used 
oxygen catalyst in coupling reactions.
 
The experimental details of the coupling ( self 
coupling or cross coupling)  reaction mechanisms has already been reported in the 
literature [28-29]. 
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Scheme 1.6:  Schematic representation of the two competing mechanisms leading to    
      the products given in the Figure1.5.3. 
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2.  METHODOLOGY 
The fundamental building blocks in quantum chemistry are nuclei and electrons. 
The small electronic mass necessitates the use of quantum mechanics for describing 
the electron distribution, but the nuclear masses are sufficiently heavy that their 
motion to a good approximation can be described by classical mechanics. The large 
difference in mass is the basis for the Born–Oppenheimer approximation, where the 
coupling between the nuclear and electronic motions is neglected. From the electron 
point of view, the nuclei are thus stationary, and the electronic Schrödinger equation 
can be solved with the nuclear positions as parameters 
The electronic Schrödinger equation in abbreviated form can be written as 
 
                                           (2.1) 
 
where, Ψ is a wave-function describes the x, y and z spatial coordinates of the 
particles in the system, E is the energy of the system at that state and  Hamilton 
operator H contains four terms corresponding to the electron kinetic energy, the 
nuclear–electron attraction, the electron–electron repulsion and the nuclear–nuclear 
repulsion. The latter is an additive constant within the Born–Oppenheimer 
approximation. 
 
                                                                         (2.2) 
The standard approach for solving multi-variable differential equations is to find a 
set of coordinates where the variables can be separated and solve them one at a time. 
This is not possible for the electronic Schrödinger equation with more than one 
electron and the relatively large electron–electron interaction compared to the 
nucleus–electron interaction prevents a central-field approximation. Neglect of the 
electron–electron interaction leads to a wave function composed of hydrogen-like 
orbitals, but this is too poor a model to be useful. A qualitatively correct description 
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can be obtained by a mean-field approximation, where the average electron–electron 
interaction is included, and within the wave function approach, this is known as the 
Hartree–Fock (HF) method. In order to improve the computational efficiency, 
various approximations to the HF equations can be made, with the reduction in 
fundamental accuracy being (partly) made up for by parameterization against 
experimental data. Such methods can collectively be called semi-empirical methods. 
Alternatively, the inherent deficiencies due to the mean-field approximation can be 
reduced by adding many-body corrections and these are called electron correlation 
methods [30]. 
Density functional theory (DFT) may be considered as an alternative formulation of 
quantum mechanics, where the electron density is the fundamental variable, rather 
than the electron coordinates [31]. DFT can also be considered as an improvement of 
the HF model, where the many-body correlation is modelled as a function of the 
electron density. DFT is analogous to the HF method a pseudo one-particle model, 
leading to a computationally efficient way of determining the electronic structure for 
large systems. 
2.1 Electron Correlation Methods  
The HF model only accounts for the average electron–electron interaction and thus 
neglects the correlation between electrons. Since HF is the energetically best single 
determinant wave function, correlated methods must necessarily involve more than 
one Slater determinant. This also means that the mental picture of each electron 
residing in a separate orbital must be abandoned. Rather, one must accept a picture 
with a range of orbitals having a fractional number of electrons. The HF model has 
Nelec orbitals with occupation numbers being exactly 1, while correlated methods 
have Nelec (natural) orbitals with occupation numbers close to 
1, and the remaining having occupation numbers close to 0. The total amount of 
electrons moved from occupied to empty HF orbitals is a measure of how important 
electron correlation is for the particular system. 
There are four main methods for calculating the correlation energy: 
I. Configuration Interaction Theory  
II. Many Body Perturbation Theory  
III. Coupled Cluster Theory 
IV. Density Functional Theory 
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2.2 Density Functional Theory 
The premise behind Density Functional Theory (DFT) is that the energy of a 
molecule can be determined from the electron density instead of a wave function. 
Electron density concept tells us the probability of finding one electron of arbitrary 
spin within a particular volume element while all other electrons are somewhere. 
First in 1927 Thomas and Fermi used the electron density rather than the wave 
function for obtaining information about atomic and molecular systems [32]. In 
Thomas-Fermi model, only the kinetic energy is expressed based on the uniform 
electron gas. Today’s DFT was proposed by P. Hohenberg and W. Kohn in 1964 but 
it contained only virtual functional. They showed that the electron density uniquely 
determines the Hamilton operator. The ground state density uniquely specifies the 
external potential Vext. 
The variational principle determines the ground state energy and electron density in 
terms of the electron density. Further, the ground state electron density 
determines the external potential, and variationally determines the ground 
state properties of the system of interest. 
The electronic energy can be expressed as a functional of the electron density: 
       eeVTdrrrvE   )()(
                                                                  (2.2.1)  
 
Where  T  is the kinetic energy of interacting electrons and  eeV  is the inter 
electronic interactions. 
In 1965, Kohn and Sham brought formal functional based on total electron density 
[31-33]. In this formulation, the electron density is expressed as a linear combination 
of basis functions similar in mathematical form to HF orbitals [34-36]. A determinant 
is then formed from these functions, called Kohn-Sham orbitals. It is certain that they 
are not mathematically equivalent to either HF orbitals or natural orbitals from 
correlated calculations. 
The Hohenberg-Kohn theorem does not tell us how to calculate from . Kohn and 
Sham devised a practical method for finding  and finding from . Their  
method is capable, in principle, of yielding exact results, but because the equation of 
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the Kohn-Sham (KS) method contain an unknown functional that must be 
approximated, the KS formulation of DFT yields approximate results.  
For an non-interacting N-electron system, a local potential  can be introduced 
into the Hamiltonian: 
(2.2.2) 
 
                                                                                         (2.2.3) 
  
Where     is the one-electron Kohn-Sham Hamiltonian.                
For   one-electron operator   
 
                             (2.2.4)
  
Where  is Kohn-Sham orbital energy. 
Choose the effective potential  such that the density resulting the summation of 
the squared orbitals exactly equals the ground state density of interacting system. 
 
                                                                      (2.2.5) 
 
The general DFT energy may be written in the form of Kohn-Sham approach.  
 
                                            (2.2.6) 
 
By equating  to the exact energy, this expression may be taken as the definition 
of  
It is the part which remains after subtraction of the non-interacting kinetic energy, 
 the  and J potential energy terms. 
 
(2.2.7) 
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The first parenthesis in eq. (2.1.7) may be considered the kinetic correlation energy, 
while the second contains both exchange correlation energy 
 is the kinetic energy of the interacting system ,  is the kinetic energy of 
the non-interacting system,  is the total electron-electron interaction,  is 
Coulomb part of total electron-electron part. 
This is based upon an orbital density description that removes the necessity of 
knowing the exact form of  T . Kohn-Sham proposed focusing on the kinetic 
energy of non-interacting system of electrons  sT , as a functional of a set of single 
particle orbitals that give exact density.  
 sT i
N
i
i 

2
1 2
1                                                                               (2.2.8) 
                    
A system of non-interacting electrons moving in an external effective potential 
)(rveff  is shown as; 
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Veff depends on the density due to the Coulomb term, thus KS equations must be 
solved iteratively like HF one. We still do not know the explicit form of VXC 
(exchange-correlation potential). However, we know 
 
                                                                                                  (2.2.10) 
 
If we know EXC and  exactly, KS strategy would lead to exact energy. 
 
The quality of the DFT approach depends on the accuracy of the chosen 
approximation to EXC. The first one is the local density approximation (LDA). It is 
based upon a model of uniform electron gas. In the uniform electron gas model, a 
large number of electrons uniformly spread out in a cube where there is a uniform 
 
16 
distribution of the positive charge to make the system neutral. It assumes that the 
charge density varies slowly throughout the molecule so that a localized region of the 
molecule behaves like a uniform electron gas. 
 
KS LDA expression: 
 
                                            (2.2.11) 
 
 is the exchange-correlation energy per particle of a uniform electron gas 
of density ρ(r).  
can be further split into exchange and correlation contributions: 
(2.2.12) 
 
The exchange part of the energy density was given by Dirac in 1920’s and called as 
Slater exchange (S) ,exchange energy functional which is defined as, 
 
                                          (2.2.13) 
 
Improvements over the LDA approach have to consider a non-uniform electron gas.  
To account the non-homogeneity of the true electron density, the gradient of the 
charge density is supplemented to the density at a particular point r. In other words, 
LDA is the first term of a Taylor expansion of the uniform density. This form of 
functional is termed the gradient expansion approximation (GEA). Unfortunately for 
some cases it performs worse than LDA.  This is due to the modified hole. Therefore 
GEA must be corrected errors due to the hole. Corrected GEA’s are called as 
generalized gradient approximation (GGA). Their general form: 
 
(2.2.14) 
 
 can be further split into exchange and correlation contributions: 
(2.2.15) 
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Constructing a gradient-corrected exchange functional to calculate an accurate 
exchane energy was the main objective and Becke in 1988 reported a gradient 
corrected exchange functional as  
 
      
   
                                                                                                          (2.2.16) 
  
 
 
DFT methods are defined by pairing an exchange functional with a correlation 
functional and can be named as traditional or hybrid functionals. Hybrid functionals 
include exact term in the exchange functional, whereas traditional functionals do not. 
BLYP (Becke’s gradient-corrected exchange functional with Lee-Yang-Parr’s 
gradient-corrected correlation functional) method is a traditional functional whereas, 
B3LYP (Becke style three parameter functional in combination with the Lee-Yang-
Parr correlation functional) method [28], the linear combination of LDA, B88, exact 
and LYP functionals, is a hybrid functional: 
 
localnon
cc
B
xx
LDA
x
exact
x
LDA
xcxc EaEaEEaEE
 880 )(      (2.2.17) 
 
Where 88BxE  is the Becke’s gradient correction, i.e. the second term at the right 
hand side of the equation (2.1.17) and the correction to the correlation ( localnoncE
 ) is 
provided by the Lee-Yang-Parr functional. But, LYP includes both local and non-
local terms, and then the correlation functional used is actually: 
VWN
cc
LYP
cc EaEa )1(   where 
VWN
cE  is the Vosko-Wilk-Nusair correlation energy. 
The parameters are specified by Becke by fitting the atomization energies, ionization 
potentials, proton affinities and first row atomic energies in the molecule set, 
a0=0.20, ax=0.72 and ac=0.81. Hybrid functionals have proven to be superior to the 
traditional functionals [37]. 
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2.3 Conceptual DFT 
 
Conceptual DFT aims at describing the properties of molecules in interactions by 
using chemical reactivity descriptors. A great part of the modern chemical reactivity 
theory is based on Fukui’s concept of frontier orbitals [63], the lowest unoccupied 
molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO). 
They are determinant in the understanding of many chemical reactions. In spite of 
the great success in chemistry its theoretical grounds were not so simple to determine 
because of the artificial nature of the molecular orbitals. They are not observables 
and can be defined in many different ways. Parr and co–workers [64] have succeeded 
in expressing the concepts within the exact theoretical framework provided by the 
density functional theory of many–electron systems [65]. In this formulation all the 
chemical reactivity indices are functions or functional of the electron density, an 
experimentally observable quantity. In their application of density functional theory 
to chemical reactivity they theoretically defined a Fukui function and gave a 
theoretical framework to the empirical concepts of electronegativity [66], softness 
[67] and hardness [68] which have been very useful in the theoretical justification of 
the HSAB (hard–soft acids–bases) principle [69, 70], and the PMH (principle of 
maximum hardness) [70, 71].  
2.3.1 Fukui Function   
Fukui function is defined by Parr and Yang who studied the variation of the chemical 
potential, , as function of the number of electrons, N, and functional of the 
external potential,   
 
=                                                                                                 (2.3.1) 
 
where  is the external potential and the functional derivative must be taken at 
constant number of electrons. Assuming that the total energy E as a function of N 
and functional of is an exact differential, the Maxwell relations between 
derivatives may be applied to write 
 
                                                                                               (2.3.2) 
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where the superscript   indicate whether the derivative is evaluated at     
and 
 
 the average of the other two. In this way, the frontier–
orbital theory of reactivity of Fukui  can be easily incorporated into the theory. The 
function  is associated with the lowest unoccupied molecular orbital LUMO 
and measures reactivity toward a donor reagent, the function –
 
 is associated 
with the highest occupied molecular orbital HOMO and measures reactivity toward 
an acceptor reagent, and finally, the average of both, 
 
 measures reactivity 
toward a radical. One of the important characteristics of the Fukui function is that it 
is a local index, e.g. a function of the position. Therefore, it is able to give us 
information about site reactivity, information about what region of a molecule is 
better prepared to accept or donate charge. 
Another pertinent development comes from the work of Senet [73], who defined the 
Kohn–Sham Fukui function, fs(r), as 
 
                                                                                            (2.3.3) 
 
where the variation of the chemical potential is with respect to the Kohn–Sham 
potential, , instead of the external potential as it is in the original Fukui 
function of Eq.( 2.3.1). The remarkable fact is that the so defined Kohn–Sham Fukui 
function is exactly equal to the Kohn–Sham Frontier Orbital Density 
 
                                                                                            (2.3.4) 
 
where F is LUMO for α = +1 or HOMO for α = -1 
2.3.2 Calculation of the Fukui function 
Since the derivatives of. Eqs.( 2.3.1, 2.3.2) are not known exactly, there are various 
different strategies to calculate, in an approximate way, the Fukui function.  
Using Janak’s [74] formulation of the Kohn–Sham equations, Yang et al [75] have 
calculated the derivative of Eq 2.3.2 in terms of the Kohn–Sham orbitals,  : 
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                                                      (2.3.2.1) 
 
                                                            (2.3.2.2) 
 
Assuming that the shape of the molecular orbitals do not change when a small 
amount of charge is added or taken away, the second term in the last two equations 
can be neglected yielding 
 
                                                                                            (2.3.2.3) 
 
                                                                                            (2.3.2.4) 
 
which is equivalent to a frozen orbital approximation. Eqs. (2.3.2.3) and (2.3.2.4) 
allow us to understand the frontier orbital theory of Fukui [76] as representing the 
leading term of the Fukui function. Using a finite difference for the derivative of Eq 
2.3.2, Parr and Yang [72] derived the following expressions, 
 
                                                                               (2.3.2.5) 
 
                                                                               (2.3.2.6)                                                               
 
where , and    are the electron density of the negative charged 
molecule, the neutral molecule and the positive one, respectively. In this way, the 
orbitals relaxation effects are taken into account. 
A completely different route for the evaluation of the Fukui function can also be 
pursued. It rests on the knowledge of the universal functional , or a model to 
it, and its derivatives. In this case, there is a clear procedure to obtain the reactivity 
indices [64]. One needs the second functional derivative of  which is called 
the hardness kernel, 
 
                                                                                          (2.3.2.7)                                                                   
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and its inverse, the softness kernel  Then, the Fukui function follows 
because 
                                                                                         (2.3.2.8)                                                                               
 
                                                                                                    (2.3.2.9)                                                                    
 
                                                                                      (2.3.2.10)                                                                                   
 
The inversion of the hardness kernel for any local model of the functional  is 
possible. It has been also shown that for a nonlocal functional one has to solve an 
integral equation. Unfortunately, the reliability of the model rest on the quality of the 
functionals entering in F. The kinetic energy functional, the exchange–correlation 
functional and the classical Coulomb repulsion functional. There is no known kinetic 
energy functional that is able of giving the shell structure in atoms. 
2.4. Time-Dependent Density Functional Theory 
Time-dependent density-functional theory (TD-DFT) [38-39] extends the basic ideas 
of ground-state density-functional theory (DFT) to the treatment of excitations and of 
more general time-dependent phenomena. TDDFT can be viewed as an alternative 
formulation of time dependent quantum mechanics but, in contrast to the normal 
approach that relies on wave-functions and on the many-body Schrödinger equation, 
its basic variable is the one-body electron density, n(r, t) The standard way to obtain 
n(r, t) is with the help of a fictitious system of non-interacting electrons, the Kohn-
Sham system. In the time-dependent case, these Kohn-Sham electrons obey the time-
dependent Schrödinger equation.  
                                                                                          
(2.4.1) 
 
The density of the interacting system can be obtained from the time-dependent 
Kohn-Sham orbitals 
 
                                                                                   (2.4.2) 
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Equation (2.4.1), having the form of a one-particle equation, is fairly easy to solve 
numerically. We stress, however, that the Kohn-Sham equation is not a mean-field 
approximation: If we knew the exact Kohn-Sham potential, , we would obtain 
from (2.4.1) the exact Kohn-Sham orbitals, and from these the correct density of the 
system. 
The Kohn-Sham potential is conventionally separated in the following way  
                   
                                         (2.4.3) 
 
The first term is again the external potential. The Hartree potential accounts for the 
classical electrostatic interaction between the electrons. The last term, the xc 
potential, comprises all the non-trivial many-body effects. 
The scheme is perfectly general, and can be applied to essentially any time-
dependent situation. Two regimes can however be observed: If the time-dependent 
potential is weak, it is sufficient to resort to linear-response theory to study the 
system. In this way it is possible to calculate e.g. optical absorption spectra. It turns 
out that, even with the simplest approximation to the Kohn-Sham potential, spectra 
calculated within this framework are in very good agreement with experimental 
results. 
2.5 Basis Sets  
A basis set is a set of mathematical functions (basis functions), linear combinations 
of which yield molecular orbitals. The functions are usually, but not invariably, 
centered on atomic nuclei. Approximating molecular orbitals as linear combinations 
of basis functions is usually called the LCAO or linear combination of atomic 
orbitals approach, although the functions are not necessarily conventional atomic 
orbitals: they can be any set of mathematical functions that are convenient to 
manipulate and which in linear combination give useful representations of MOs.[48] 
The basis functions are categorized into two classes, Slater Type Orbitals (STO) and 
Gaussian Type Orbitals (GTO). GTOs are preferable over STOs because of the 
computational efficiency although STOs are more accurate.  
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The smallest basis set, called a minimum basis set, has only the necessary number of 
functions for containing the electrons in the isolated atom. For hydrogen this is one s-
function, for a first row element like carbon it is two s- and one p-function, for a 
second row element it is three s- and two p-functions, etc. An improved description 
can be obtained by doubling (DZ), tripling (TZ), quadrupling (QZ), etc. the number 
of valence functions. The core orbitals are described by a single set of functions, as 
they are essentially independent of the molecular environment. In order to describe 
the distortion of the electron density upon bond formation, and for describing 
electron correlation, the basis set must be augmented with higher angular momentum 
functions. The number and nature of these polarization functions should balance the 
number of s- and p-functions. In order to increase the computational efficiency, the 
number of variational parameters can be reduced by contracting some of the basis 
functions. 
Among the types of the basis sets (minimal basis sets, split valence basis sets, 
polarized basis sets, high angular momentum basis sets) the most popular one is the 
split valence basis set which is developed by Pople and his group termed as 3-21G, 
4-31G, 6-31G. Split valence basis sets allow orbitals to change size not the shape. 
Polarized basis sets remove this limitation by adding orbitals with angular 
momentum beyond the ground state configuration for each atom. In this study 6-
31G*, also known as 6-31G(d) polarization basis set is used where d functions are 
added to heavy atoms [37]. 
2.6 Transition State Theory 
Transition State Theory (TST) assumes that a  reaction from one energy minimum to 
another via an intermediate maximum  [49] the Transition State is the configuration 
which divides the reactant the reactant and product parts of the surface, while the 
geometrical configuration of the energy maximum is called Transition Structure. The 
two terms often used interchangeably, and share the same acronym TS. The reaction 
coordinate leads from the reactant to the product along a path where the energy is as 
low as possible, and the TS is the point where the energy has a maximum. In the 
multidimensional case it is thus a first-order saddle point the potential energy 
surface, a maximum in the reaction coordinate direction and a minimum along all 
other coordinates. 
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Figure 2.6 : Schematic illustration of a reaction path 
 
 
Transition state theory assumes an equilibrium energy distribution among all 
possible quantum states at all points along the reaction coordinate. The probability of 
finding a molecule in a given quantum state is proportional to , which is a 
Boltzmann distrubition. The macroscopic rate can be expressed as 
(2.6.1) 
 
 ΔG# is the Gibbs free energy difference between the TS and reactant, and kB is 
Boltzmann’s constant. 
2.7 Intrinsic Reaction Coordinate 
Intrinsic Reaction Coordinate (IRC) is a minimum energy reaction path on a 
potential energy surface in mass-weighted coordinates, connecting reactants to 
products via the transition state [50]. The important points for discussing chemical 
reactions are minima, corresponding to reactant and product, and saddle points 
corresponding to transition structures. Once TS has been located, it should be 
verified that it indeed connects the desired minima. At the TS the vibrational normal 
coordinate inspection of the corresponding atomic motions may be a strong 
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indication that it is the correct TS.The other word, when a transition state is 
optimized with an imaginary frequency, it must be confirmed that it is the correct 
transition state by making IRC calculations. The IRC path is defined by the 
differential equation  
  
dx
ds
= -
g
g
= v
                                                                             (2.7.1) 
Where x is the mass-weighted coordinates, s is the path length and v is the negative 
normalized gradient [37].  
 
 
2.8 Natural Bond Orbital 
The idea in the Natural Atomic Orbital (NAO) and Natural Bond Orbital (NBO) 
analysis developed by F. Weinholt and co-workers [51] is to use the one-electron 
density matrix for defining the shape of the atomic orbitals in the molecular 
environment, and derive molecular bonds from electron density between atoms. 
Let A, B and C are the atoms of a molecule. The density matrix can be written in 
terms of blocks of basis functions belonging to a specific centre as 
D =  














.........
...
...
...
CCBCAC
BCBBAB
ACABAA
DDD
DDD
DDD
                                                                         (2.8.1) 
NBO for A can be defined as diagonalization of the D
AA
 block. The same process is 
valid for B by D
BB
 block and C by D
CC
 block. NBOs are not orthogonal and orbital 
occupation numbers are not the total number of electrons [37].  
Once NBOs have been identified, they may be written as linear combinations of the 
NAOs, forming a localized picture of the “atomic” orbitals involved in the bonding. 
The NAO analysis involves only matrix diagonalization of small subsets of the 
density matrix, and also requires a negligible amount of computer time, although it is 
more involved than Mulliken or Löwdin analysis. 
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3.   COMPUTATIONAL DETAILS 
Density functional theory calculations were carried out using the Gaussian 03 
program package [52].The structures of all reactants, transition states, intermediates 
and products were fully optimized at B3LYP/6-31+G (d, p) level. The use of the 6-31 
+G(d,p) basis set incorporating diffuse functions  on heavy atoms  are common for these 
type molecules which include S atoms. 
Vibrational frequency calculations were performed to characterize reactants, 
transition state geometries and the products which were then confirmed by using 
intrinsic reaction coordinate (IRC) [59] procedure. IRC calculations were performed 
in both forward and reverse directions to determine the minimum energy pathways. T 
The transition states were characterized by the negative vibrational frequencies and 
the stationary states including reactant, intermediates and the products were 
characterized by the wholly positive vibrational frequencies. 
The natural bond orbital (NBO) [60] analysis was also performed to study the 
differences between the transition state geometries and the stability contributions of 
the atomic orbitals and charge delocalizations.  
The electronic properties such as electronic energy, band gap, partial atomic charges 
were calculated at B3LYP/ 6-311+g (d, p) level and compared to the literature values 
if available. Fukui indices were calculated to better understand the catalytic power of 
YR3 ( Y=N,P,AS and R=H, OMethyl, OEthyl,phenyl) 
 
To study the optical properties of the products, Time-dependent density functional 
theory (TDDFT) calculations were performed at the same level of theory. The UV-
VIS absorption spectrums were obtained. The theoretical spectrums of BEDT-TTF 
were compared to the experimental spectra given in the literature values.  
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4. RESULTS AND DISCUSSIONS 
The compounds involved in this thesis are usually symmetrical molecules and 
synthesized by the coupling the two halves of them. The proposed mechanisms for 
the synthesis of these types of molecules are given in the Scheme 1. The syntheses 
are performed in the presence of the triethylphosphite catalyst at elevated 
temperatures. The real mechanism is still unknown and open to questions. Therefore, 
it was aim of this thesis to check the validity of the proposed mechanisms, compare 
the energetics of the competing paths leading to the same products and identify the 
theoretiacally favorable reaction coordinate. The mechanistic details were studied in 
detail to shed light on the structures along the reaction path.  
 
The two competing mechanisms mentioned above proposed for the coupling 
reactions leading to the desired products are named as Mechanism_1 (Mech1) and 
Mechanism_2 (Mech2). Mech1 proceeds through nucleophilic attack of the catalyst 
to C atom of the C=X (X=O or S) Figure 4.1, whereas the Mech2 proceeds through  
nucleophilic attack of the catalayst to X atom the reactant (Scheme4.1, Table4). The 
difference between the two mechanisms can be explained by the path reactant 
follows upto the formation of the intermediate 10.   
 
 
 
 
Figure 4.1 : Schematic representation of the ketone or thione type reactant. (Ketone 
           type if X=O, thione type if X=S). 
S
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The energetics of the reaction paths are expected to differ depending on the type of the 
catalyst (triethylphosphite or trimethylphophite), the X atom of the C=X group on the reactant 
(X=O or S).  Different types of reagent and different catalysts show variations in coupling 
mechanisms. Thus, it is an important task to understand the way a catalyst acts in the reaction. 
For this purpose, the possible mechanisms leading first to Mec1 using trimethylphosphite 
catalyst for ketone type reactant then to Mech1 using trimethylphosphite catalyst for thione 
type reactant have been investigated.  
Firstly, the reactant (1, 3-diothiole-2-thione and its oxygen analogue) molecules have been 
optimized for their global minimum structures with a B3LYP/6-31G+ (d, p) calculation 
(Figure 4.2).  The C1-O2 and C1-S2 distances are 1.202 Ǻ and 1.644 Ǻ respectively.  
 
 
 
Figure 4.2 :  Optimized geometries of 1, 3-diothiole-2-thione reactant molecule and    
                    its oxygen analogue 
 
As explained in the introduction part, Goddard and co-workers supposed that BEDT-TTF or 
its derivatives to be distorted boat conformation for the neutral but a planar conformation for 
the ion which leads to a transition from the planar cation to the neutral state. Thus, 
superconductivity is related to the coupling between charge transfer and lowest boat 
deformation vibrational mode [22-24]. The planarity of these molecules is very important 
since it enables the formation of ordered stacks or 2D (or quasi 1D) sheets by the 
intermolecular S--S interactions [25-27]. 
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                                         a)                                                                
                                  
                        
                                                                   b) 
 
 
Figure 4.3:  Optimized geometries of BEDT-TTF 
a) Boat conformer) b) chair conformer 
 
BEDT-TTF has two possible conformers, boat and chair, are shown in Figure 4.3.  The 
frequency and energy calculations for these conformers was performed with B3LYP/6-
311+G(d,p) level with G03 program. The energy difference between the boat and chair 
conformers is found to be 0,7 kcal/mol. Chair conformer of the BEDT-TTF has the lower 
energy than boat conformer. Although energy values are similar each other for two 
conformers of band gap values are quite different as seemed in Table 4.6. 
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Scheme 4.1: Schematic representation of the mechanisms (Mech1 and Mech2) in the presence of trialkylphosphite catalyst 
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Scheme 4.2: Schematic representation of the Mech1 in the presence of trialkylphosphite catalyst  
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Scheme 4.3: Schematic representation of the Mech2 in the presence of trialkylphosphite catalyst  
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4.1 Catalysts 
 
The compounds studied in this work are usually synthesized by the coupling 
reactions which can be accomplished under the catalytic activity of 
trivalentphosphite. The most commonly used catalyst in the experimental studies in 
the literature is triethylphosphite [28-29]. Before this catalyst was used throughout 
the calculations, the catalytic activities of several trivalent compounds were 
investigated. In these trial compounds, the phosphorus atom was replaced by an atom 
of Group V such as nitrogen (N) and Arsenic (As). The ligand group (OEt)3 was also 
replaced by the several groups such as (H)3, (OH)3, (OMet)3, and (Ph)3 groups. 
Firstly, the geometries of these molecules (Table 1) were optimized at the same level 
of theory mentioned above. Then the partial atomic charges on the central atom (N,P 
or As) were calculated by using two different charge methods, namely APT, NBO 
and the data was given in the Table 4.3. The molar volume of the molecules, dipole 
moments and the Fukui indices of the central atom for nucleophilic  and 
electrophilic  attacks were also calculated and given in the Table 4.2 and Table 
4.3. The Fukui indices are very important molecular descriptors in deciding the 
appropriate sites on a given molecule for the nucleophilic and the electrophilic 
attacks. In the Mech1, the nucleophilic attack takes place by the attack of the central 
atom of the trivalent catalyst, i.e., the P atom, to the Carbon atom of the C=X group 
(Figure 4.1) whereas in the Mech2, the central atom of the catalyst attacks to the X 
atom.  The calculated Fukui indices were helpful in explaining the regioselectivity of 
the nucleophilic attacks [77].The nucleophilic attack in the Mech2 is more favored 
then that of in the Mech1 which can be explained according to the frontier orbital 
theory. The function  is associated with LUMO and measures the reactivity 
towards a donor reagent and the function –
 
is associated with HOMO and measures 
the reactivity towards an acceptor reagent. In the Mech1, Phosphorus atom itself is 
an electrophile and performs the nucleophilic attack to Carbon atom. The energy 
difference  (ΔE) between the HOMO of P and the LUMO of C would be meaningful 
in the comparison of the corresponding (ΔE) for the nucleophilic attack in the 
Mech2. 
 
  
36 
The ΔE values are calculated as follows: 
 = -0.496  ;  EHOMO (P) = -0.248 au    = -0.017  ;  ELUMO (C) = -0.573 au 
(ΔE)Mech1 =EHOMO (P) - ELUMO (C) = 0.325 au  
= -0.245  ;  ELUMO (P) = 0.003 au     = - 0.095  ;  EHOMO (O)= -0.231 au 
(ΔE)Mech2 =EHOMO (O) - ELUMO (P) = - 0.234 au 
 
The (ΔE)Mech2  is much lower than the (ΔE)Mech1, meaning that the nucleophilic attack 
of Oxygen atom of the reactant to the Phosphorus atom of the catalyst is more prone 
to occur. For the thione type reactant, the calculated (ΔE) values are given as: 
 
= -0.496  ;  EHOMO (P) = -0.248 au    = -0.067  ;  ELUMO (C) = -0.086 au 
(ΔE)Mech1 =EHOMO (P) - ELUMO (C) = -0.162 au  
= -0.245  ;  ELUMO (P) = 0.003 au     = - 0.235  ;  EHOMO (S)= -0.226 au 
(ΔE)Mech2 =EHOMO (O) - ELUMO (P) = - 0.229 au 
            
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
 
Figure 4.4 : The Fukui indices and charges of 1, 3-diothiole-2-thione reactant    
         molecule, its oxygen analogue and catalyst 
 
Different catalysts have been analyzed for their catalytic activities on these 
mechanisms. The optimized geometries of the studied trivalent catalysts are depicted 
in Table 1. The Fukii indices, the APT and NBO charges on the central atom, the 
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molar volume and the dipole moments of these compounds have been calculated and 
given in the Table 4.2 and Table 4.3. 
 
Table 4.1: The optimized geometries of the model catalyst compounds 
 
Trivalent Nitrogen 
Compounds 
Trivalent Phosphorous 
Compounds 
Trivalent Arsenic 
Compounds 
 
 
NH3 
 
 
PH3 
 
 
AsH3 
 
 
N(OH)3 
 
 
P(OH)3 
 
 
As(OH)3 
 
 
N[OCH3]3                            
 
 
P[OCH3]3                                              
 
 
As[OCH3]3                                                    
 
 
 
N[OC2H5]3                                                    
 
 
 
P[OC2H5]3                                                    
 
 
 
As[OC2H5]3                                                    
 
 
N(Ph)3 
 
 
P(Ph)3 
 
 
As(Ph)3 
 
The efficieny of the central atoms for the nucleophilic attack can be related to some 
extent to their values . The ones having more positive the  values can be 
considered as a good candidate for a nucleophilic attack. This condition is very well 
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satisfied by the Nitrogen containing trivalent compounds which have lower  
values than P and As containing compounds however, The charges on the N are 
either negative or very low positive and they can not be considered as good 
nucleophile. The P and As containing compounds have similar   values except 
P(Ph)3 and As(Ph)3 molecules. The compounds with phenyl ligands have usually 
lower partial charges on the central atoms which can be attributed to the size 
inconsistency which weakens  the coordination bond between nonmetal atom and the 
phenyl groups. That's why the low dipole moments were calculated for these 
molecules. The P and As containing compounds with Hydrogen ligands can also be 
eliminated due to the fact that the central atom has negative or very low positive 
charge and relatively small dipole moments. The As containing catalysts, although 
some of them could be feasible to use, were not reported in the literature probably 
because of its toxicity. The remaining catalyts are P(OH)3 P[OCH3]3 P[OC2H5]3 . 
The hydroxyl and metoxy ligands makes P atom less attractive for a nucleophilic 
attack. As a result, the P[OC2H5]3 catalyst is found to be the best catalyst for the 
reaction studied here. This result is in a good aggrement with the literature which 
reports the usage of this molecule in similar syntheses. 
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Table 4.2 : A comparison between the different catalysts in the sense of Fukui 
        functions 
 
Catalyst 
Fukui Indices for the central atoms 
f 
+
(r) f 
-
(r) 
NH3 2.954 -0.757 
N(OH)3 -0.155 -0.350 
N[OCH3]3 -0.017 -0.253 
N[OC2H5]3 -0.004 -0.271 
N(Ph)3 -0.001 -0.205 
P(H)3 -0.760 -0.686 
P(OH)3 -0.747 -0.547 
P[OCH3]3 -0.667 -0.479 
P[OC2H5]3 -0.245 -0.496 
P(Ph)3 -0.064 -0.463 
AsH3 -0.790 -0.683 
As(OH)3 -0.735 -0.422 
As[OCH3]3 -0.589 -0.327 
As[OC2H5]3 -0.572 -0.379 
As(Ph)3 -0.105 -0.435 
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It can be seen that the molar volumes increases either with the increasing size of the 
ligand or due to the size mismatch between the nonmetal atom and the ligand that it 
accomodates. The weakening of the coordination bond also results in increase in the 
molar volumes. This is why some of the molar volumes of N-containing molecules 
are larger than P-containing counterparts. 
 
Table 4.3 : A comparison between the different catalysts in the sense of periodic 
        table 
 
 
Catalyst 
 
Molar volume  
(cm
3
/mol) 
Partial charge on the 
central atom 
 
Dipole moment 
(Dbye) NBO APT 
NH3 22.034 -0.181 -0.521 1.677 
N(OH)3 51.402 0.257 0.766 3.315 
N[OCH3]3 101.526 0.347 0.776 2.807 
N[OC2H5]3 127.803 0.355 0.826 1.067 
N(Ph)3 206.903 -0.480 -1.052 0.010 
P(H)3 34.339 0.002 0.345 0.884 
P(OH)3 42.144 1.565 1.577 2.038 
P[OCH3]3 97.537 1.646 1.699 2.822 
P[OC2H5]3 144.305 1.628 1.706 1.610 
P(Ph)3 185.654 0.888 0.680 1.372 
AsH3 24.576 0.080 0.655 0.446 
As(OH)3 62.384 1.643 0.984 3.991 
As[OCH3]3 100.469 1.689 1.598 2.042 
As[OC2H5]3 145.646 1.671 1.606 1.553 
As(Ph)3 210.221 0.930 0.175 1.372 
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4.2 Mechanism 1 and Mechanism 2 using triethylphosphite as a catalyst for 
ketone type reactant 
 
It is known that in the Mech1, reaction starts with the attack of the catalyst to the 
carbon atom while it attacks to the oxygen in Mech2. The whole process derived 
from DFT calculations is shown in Table 4.4. The relative Gibbs free (  energy 
diagram of intermediates and transition states (TS) are also collected in Figure 4.7. 
 
 
Table 4.4 : The structures of all species in the Mech1 and Mech2 using        
          triethylphosphite as a catalyst for ketone type reactant. 
 
 
 
1 
 
 
2 
 
 
TS3 
 
 
4 
 
 
TS5 
 
 
6 
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Table 4.4 (Continued):  The structures of all species in the Mech1 and Mech2 using        
                               triethylphosphite as a catalyst for ketone type reactant. 
 
 
TS7    
 
8 
 
 
TS9 
 
 
10 
 
 
TS11 
 
 
 
12 
 
 
TS13 
 
 
 
14 
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Table 4.4 (Continued):  The structures of all species in the Mech1 and Mech2 using        
                               triethylphosphite as a catalyst for ketone type reactant 
TS3
ı        
  4
ı      
  
            
TS5
ı
                    
6
ı         
  
  
       TS7
ı
           
   
8
ı   
     
  
  
TS9
ı
 
 
 
10
ı
 
 
The reaction is initiated by the nucleophilic attack of the triethylphosphite to the 
electrophically activated carbon of ketone type reactant by the formation of 
Sturucture 4 in the Mech1. On the other hand, the first step of the Mech2 is started by 
the attack of the triethylphosphite to carbonyl oxygen of the ketone type reactant 
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with the formation of Sturucture 4
ı
.  The bond formation between the C and P atoms 
was performed at a distance of 2.15 Å (Sturucture TS3). The C1-O2 formation bond 
is calculated at a distance of 1.73 Å (Sturucture TS3ı), and the energy barriers are 
found as 39.35 and 74.56 kcal/mol respectevly.  
Five-membered ring is formed for both mechanisms in the second step; energy 
values are different from each other. The energy barriers of Mech1 and Mech2 are 
77.32, 63.68 kcal/mol respectively. O3-C3-O4 angle (in Structure 6) is 109.9
o 
and 
C1-C3-O4 one (in Sturucture 6
ı
) is 104.3
o
. The transition state (TS7) which has an 
energy barrier of 96.05kcal/mol, has the highest energy barrier and this step is rate-
determining as in the Mech1.Whereas the energy barrier of the corresponding 
transition state which is 32.26 kcal/mol higher than Mech2. Transition state structure 
TS3
ı
, has the highest energy barrier and this step is rate-determining as in the Mech2 
with 74.56 kcal/mol. As shown in Fig. 4.7, the barrier heights of two main 
mechanisms are very different from each other so, it is obviously clear that Mech2 is 
more favaorable than Mech1.  
Then, the last tree steps are common for two mechanisms.The transition between 
five-membered ring and three-membered ring is calculated as a step-wise 
mechanism, likewise trimethylphosphite. Catalyst takes apart the oxygen from the 
ring in two steps, TS7, TS9, due to the stable geometries of ring structure. The 
formation of C1-C3 bond at 1.99 Å in length in TS9 which shortened to 1.48 Å in the 
intermediate 10.The forming C1-C3 bond is 1.56 Å in length which far longer than 
the equilibrium bond length 1.48 Å in the 10. This suggests that TS11 looses its ring 
structure. From this point of view, second catalyst again attacks to C as a nucleophile 
in the structure TS11 four-membered ring occurs. The forming C1-P bond length 
decreased from 2.52 Å to 1.96 Å. In four-membered ring, the length of the C1-C3, 
C3-O2, C1-P, P-O2 bonds are 1.57 Å, 1.43 Å, 1.96 Å and 1.68 Å respectively.  
Due to the transformation of C1-C3 double bond to a single bond and P-O2 bond 
shortens in TS13, catalyst easily takes apart the oxygen from the ring. Thus, the 
product, known as a BEDT-TTF derivative which is shown in the Table 4.4 as 
structure 14, can be obtained. 
The total reaction pathway corresponds to the formation of product, yielding the 
BEDT-TTF derivatives is exergonic by -12.38 kcal /mol. 
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Figure 4.5: Energy profile of Mech1 using triethylphosphite as a catalyst for ketone type reactant 
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Figure 4.6: Energy profile of Mech2 using triethylphosphite as a catalyst for ketone type reactant 
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Figure 4 .7 : Energy profile of Mechanisms using triethylphosphite as a catalyst for ketone type reactant.  : Mech1  : Mech2   
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4.3 Mechanism 1 and Mechanism 2 using triethylphosphite as a catalyst for 
thione type reactant 
In literature, two different mechanisms are proposed based on the experimental 
finding, regarding to the coupling mechanism of producing BEDT-TTF derivatives. 
Three dimensional geometries of the obtained structure from calculations are 
depicted in Table 4.5. In this part, Thione type reactant is used instead of ketone type 
reactant where triethylphosphite used as a catalyst in the Mech1 and Mech2. 
 
Table 4. 5:  The structures of all species in the Mech1and Mech2    using  
                     triethylphosphite as a catalyst for thione type reactant 
  
 
1S 
 
              2 
 
        TS3-S 
 
              4S 
 
    TS5-S 
 
                6S 
  
      TS7-S    
 
            8S 
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Table  4.5(Continued): The structures of all species in the Mech1and Mech2 using  
                                        triethylphosphite as a catalyst for thione type reactant. 
             TS9-S 
               10S 
 
          TS11-S 
 
                12S 
 
 
TS3
ı
-S 
 
          4
ı
-S 
 
       TS5
ı
-S 
 
                      6
ı
-S 
 
          TS7
ı
-S 
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The reaction is started by the nucleophilic attack of the triethylphosphite to the 
electrophically activated carbonyl carbon (C1) of thione type reactant by the 
formation of Sturucture 4S in the Mech1 while the the central atom of the catalyst 
attacks to S2 of the reactant in the Mech2.  It can be observed that C1-P bond length 
was shortened from 2.186 Å in TS3-S to 1.831 Å in 4S, (Table 4.5). The C1-S2 
formation bond is calculated at a distance of 2.151 Å (Sturucture 3ı-S), and the 
energy barriers are found as 42.03 and 67.15 kcal/mol respectevly.  
For thione type reagent, the formation of three-membered ring proceeds via 
concerted mechanism as known from proposed mechanisms.  However, for ketone 
reagent in calculations concerted mechanism cannot be modeled instead a stepwise 
mechanism is found for the formation of three-membered ring, (Table 4.5). 
It is clear that, the barrier of the rate-determined step of Mech1 is 81.15 kcal/mol, 
which is the corresponding to TS5-S that five-membered ring occurs in this step. In 
addition, TS7
ı
-S is the rate-determined step of Mech2 and its enery barrier is 
calculated 77.43 kcal/mol, (Figure 4.10). It is obviously clear that mech2 is more 
favaorable than Mech1. 
Then, the last tree steps are common for two mechanisms. Thus, the product, known 
as a BEDT-TTF derivative which is shown in the Table 4.5 as structure 12S, can be 
obtained. 
The total reaction pathway corresponds to the formation of product, yielding the 
BEDT-TTF derivatives is exergonic by -0,53 kcal /mol. 
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Figure 4 .8: Energy profile of Mech1 using triethylphosphite as a catalyst for thione type reactant  
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Figure 4 .9: Energy profile of Mech2 using triethylphosphite as a catalyst for thione type reactant  
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Figure 4 .10: Energy profile of Mechanisms using triethylphosphite as a catalyst for thione type reactant.  : Mech1  : Mech2 
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4.4 Electronic and Optical Properties of BEDT-TTF and its Derivatives 
 
The electronic structure of a crystalline solid is described by energy bands. Most of 
the low-dimensional organic conductors are characterized by narrow bands and a 
comparatively low density of charge carriers which, in addition, are easily localized 
[9].  
The electronic and optical properties of the products were calculated with Time-
dependent density functional theory (TDDFT) method at B3LYP/ 6-311+g (d, p) 
level and corresponding UV absorption spectra and band gaps were compared to that 
of the experimental results. TDDFT calculations allow the assignment of the charge 
transfer band to singlet transitions from the HOMO of the donor(s) to the LUMO of 
the acceptor. 
Band gaps and relative Gibbs free energy values for all the conformers of products 
are shown in the Table 6. According to these results, chair conformer of BEDT-TTF 
has the lowest band gap 3.36 eV. For a stable molecule, due to the existence of a 
deeper HOMO level with a corresponding higher LUMO energy level, a higher band 
gap remains. Experimental band gap of the BEDT-TTF calculated from the UV-Vis 
spectra of the molecule is around 3.1 eV. 
 
 
Table 4.6: Band gap and relative Gibbs free energy values for all the conformers of  
       products (D: Derivative, C: Conformer) 
 
 Structure 
Gibbs Free 
Energy (a.u) 
Band 
Gap 
(eV) 
 
 
BEDT-TTF-D1 
C1 
 
 
 
 
 
-3568.825910 
 
 
 
 
3.67 
 
 
BEDT-TTF-D1 
C2 
 
 
 
 
 
-3569.103518 
 
 
 
4.32 
 
 
BEDT-TTF-D2 
C1 
 
 
 
 
 
 
 
-3570.313879 
 
 
 
 
3.70 
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Table 6 (Continued) : Band gap and relative Gibbs free energy values for all the       
                                      conformers of Products (D: Derivative, C: Conformer) 
 
 
BEDT-TTF-D2 
C2 
 
 
 
 
 
-3570.312691 
 
 
 
3.38 
 
BEDT-TTF-C1 
 
 
 
 
 
 
-3571.523208 
 
 
 
3.72 
 
 
BEDT-TTF-C2 
 
 
 
 
 
-3571.522020 
 
 
 
3.36 
 
 
 
BEDT-TTF-D3 
C1 
 
 
 
 
 
 
-3573.908294 
 
 
 
4.25 
 
 
BEDT-TTF-D3 
C2 
 
 
 
 
 
 
 
 
-3571.228781 
 
 
 
3.51 
 
 
BEDT-TTF-D4 
C1 
 
 
 
 
 
 
 
-3571.230661 
 
 
 
 
3.47 
 
 
 
BEDT-TTF-D4 
C2 
 
 
 
 
 
 
-3573.633934 
 
 
 
3.71 
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The UV spectral wavelength of the BEDT-TTF corresponding to the maximum 
absorbance is found as 320 nm and 333 nm among a numerous experimental studies 
[61-62] while we have calculated the same value as 321 nm computationally ( Fig. 
4.9, Fig 4.10). 
 
 
Figure 4.11: Experimental results of solid UV-Vis spectra of BEDT_TTF  [61] 
 
 
 
 
Figure 4.12: Computational result of UV-Vis spectra of BEDT_TTF 
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Table 4.7 :    The UV spectrum wavelengths  
corresponding to  the maximum absorbance  
values of all product molecules.   
       
     
  
 
Figure 4. 13:   UV spectrums of the  
        BEDT- TTF and its derivatives
       
Products λmaximum 
(nm)  
BEDT-TTF-D1-C1 310 
BEDT-TTF-D1-C2 298 
BEDT-TTF-D2-C1 312 
BEDT-TTF-D2-C2 303 
BEDT-TTF-C1 321 
BEDT-TTF-C2 299 
BEDT-TTF-D3-C1 304 
BEDT-TTF-D3-C2 302 
BEDT-TTF-D4-C1 297 
BEDT-TTF-D4-C2 290 
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5. CONCLUSION  
This work deals with the investigation of the mechanism of the coupling reactions 
starting from ketone and thione type reactants and leading to the compounds which 
are knownn to be organic superconductors at very low temperatures. BEDT-TTF 
(ET) and their derivatives are well known compounds belonging to this family. 
Density Functional Theory (DFT) method has been employed at B3LYP/6-31+g(d,p) 
level to study the activation barriers and the energetics of the reactions via competing 
mechanisms ( Mech1 and Mech2) in the presence of trivalent phosphorous catalyst. 
The catalytic activity of trimethyl and triethyl phosphite and their effects on the 
barriers were also investigated and the latter was found to be more effective catalyst 
on both of the reaction paths because of its higher catalytic activity towards 
nucleophilic attact to carbon atom of the C=O and C=S functional groups in the 
Mech1. 
Both mechanisms were studied by using two different starting materials for which 
the Mech2 was found to be the preferred mechanism due to its lower activation 
barrier in  the rate determinig step. The barrier of the rate determining step of Mech2 
for the ketone type reactant is apparoximately 3 kcal/mole is lower. Mech1 showed 
comparable energy prfofiles for both of the reactants. 
The electronic and optical properties of the products have been investigated by the 
TDDFT method at B3LYP/ 6-311+g (d, p) level. The corresponding UV absorption 
spectra and the band gaps were compared to that of the experimental results. The UV 
spectral wavelength of the BEDT-TTF corresponding to the maximum absorbance 
has been calculated as 321 nm computationally, it is found as 320 nm among a 
numerous experimental studies. According to band gaps calculations, chair 
conformer of BEDT-TTF has the lowest band gap, 3.36 eV, between all 
conformations of BEDT-TTF and its derivatives.  
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APPENDICES 
Table A.1 : Gibbs Free Energy values of all geometries in the mechanisms. 
 
 Gibbs Free Energy 
(Hartree) 
Relative Gibbs 
Free Energy 
(kcal/mol) 
1 -1859.669545 - 
2 -804.608235 - 
TS3 -5328,492858 39.35 
 4 -5328,492189 
 
39.77 
TS 5 -5328,432345 77.32 
6 -5328,451052 
 
65.58 
TS 7 -5328,402496 96.05 
8 -5328,510977 
 
27.98 
TS 9 -5328,425206 81.80 
10 -5328,490482 
 
40.84 
TS11 -5328,462392 58.46 
12 -5328,489434 
 
41.49 
TS13 
-5328,462901 
58.14 
14 -5328,568699 
 
-8.24 
TS5
ı
 5328,436749 74.56 
6
ı
 -5328,518007 16 
TS7
ı
 -5328,454068 63.68 
8
ı
 -5328,472514 
 
52.11 
TS9
ı
 
-5328,453912 
63.79 
1S 
-2182.623818 
- 
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Table A.1 : Gibbs Free Energy values of all geometries in  
                    the mechanisms. 
 
TS3-S -5974.397129 42.03 
 4S -5974.403206 38.22 
TS5-S -5974.334851 81.11 
6S 5974.352702 69.91 
TS7-S -5974.343257 75.77 
8S -5974.382411 51.26 
TS9-S 
-5974.374242 
56.39 
10S 
-5974.396651 
42.33 
TS11-S 
-5974.376564 
54.93 
12S 
-5974.464958 
-0.53 
TS3
ı
-S -5974.357088 67.15 
4
ı
S -5974.384645 49.86 
TS5
ı
-S 
-5974.366741 
61.10 
6
ı
S 
-5974.382005 
51.52 
TS7
ı
-S -5974.340719 77.43 
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Table A.2 :  NBO Charges of catalyst and ketone type reactant  
 
 
NBO Charges 
Ketone Type Reactants 
C1 O1 P C2 O2 
1 0,164 -0,539    
2   1,627   
TS3 -0,012 -0,624 2,133   
 4 -0,106 -0,655 2,303   
TS 5 -0,227 -0,648 2,380 0,234 -0,751 
6 -0,418 -0,594 2,479 0,316 -0,849 
TS 7 -0,782 -0,653 2,531 0,341 -1,014 
8 -0,627 -0,562 2,639 0,156 -1,116 
TS 9 -0,079 -0,532 2,632 -0,358 -1,113 
10 -0,084 -0,527 2,640 -0,156 -1,113 
TS11 -0,505 0,118 1,983  -0,731 
12 -0,739 -0,827 2,535 -0,083  
TS13 
-0,743 
 2,582 -0,262 -1,039 
14 -0,447  2,637 -0,438 -1,111 
TS3
ı
 -0,279 -0,790 2,367   
4
ı
 -0,612 -1,105 2,628   
TS5
ı
 -0,221 -0,982 2,718 0,128 -0,739 
6
ı
 -0,067 -0,835 2,654 -0,016 -0,821 
TS7
ı
 -0,221 -0,982 2,718 0,129 -0,739 
8
ı
 -0,412 -1,154 2,642 0,163 -0,673 
TS9
ı
 
-0,323 
-1,118 2,639 -0,015 -0,611 
10
 ı
 
-0,143 
-1,103 2,631 -0,113 -0,546 
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Table A.3 :  NBO Charges of catalyst and thione type reactant 
 
NBO Charges 
Thione Type Reactants 
 
C1  S  P C2 S2 
1S -0,625 0,018    
TS3-S -0,751 -0,199 2.145   
 4S -0,918 -0,312 2,478   
TS5-S -0,711 0,322 1,861 -0,688 -0,125 
6S -0,876 0,356 2,168 -0,723 -0,066 
TS7-S -0,815 0,333 2,073 -0,627 -0,550 
8S -0,504 0,212 1,630 -0,544  
TS9-S -0,472 -0,332 1,849 -0,562  
10S -0,711 -0,035 2,149 -0,547  
TS11-S -0,727 -0,626 2,069 -0,336  
12S -0,447   0,438  
TS3
ı
-S -0,989 0,088 2,188   
4
ı
S 
-0,916 -0,044 2,178   
TS5
ı
-S 
-0,454 -0,215 2,228 -0,539 -0,357 
6
ı
S 
-0,543 0,024 1,966 -0,540 -0,035 
TS7
ı
-S 
-0,553 -0,156 2,063 -0,573 -0,078 
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